Plants produce a variety of volatile organic compounds (VOCs). Under abiotic and biotic stresses, the number and amount of produced compounds can increase. Due to their long life span and large size, trees can produce biogenic VOCs (BVOCs) in much higher amounts than many other plants. It has been suggested that at cellular and tree physiological levels, induced production of VOCs is aimed at improving plant resistance to damage by reactive oxygen species generated by multiple abio tic stresses. In the few reported cases when biosynthesis of plant volatiles is inhibited or enhanced, the observed response to stress can be attributed to plant volatiles. Reported increase, e.g., in photosynthesis has mostly ranged between 5 and 50%. A comprehensive model to explain similar induction of VOCs under multiple biotic stresses is not yet available. As a result of pathogen or herbivore attack on forest trees, the induced production of VOCs is localized to the damage site but systemic induction of emissions has also been detected. These volatiles can affect fungal pathogens and the arrival rate of herbivorous insects on damaged trees, but also act as signalling compounds to maintain the trophic cascades that may improve tree fitness by improved efficiency of herbivore natural enemies. On the forest scale, biotic induction of VOC synthe sis and release leads to an amplified flow of BVOCs in atmospheric reactions, which in atmospheres rich in oxides of nitrogen (NOx) results in ozone formation, and in low NOx atmospheres results in oxidation of VOCs, removal in ozone from the tro posphere and the resulting formation of biogenic secondary organic aerosol (SOA) particles. I will summarize recent advances in the understanding of stressinduced VOC emissions from trees, with special focus on Populus spp. Particular importance is given to the ecological and atmospheric feedback systems based on BVOCs and biogenic SOA formation.
Introduction
Volatile organic compounds (VOCs) produced by plants were defined by Lerdau and Slobodkin (2002) as 'organic molecules that have a low enough boiling point that they change from the liquid to the gas phase at a high rate at physiologically realistic temperatures, and once these molecules are in the gas phase, they can diffuse rapidly from the plant to the atmosphere'. Often VOCs originating from plants are called biogenic volatile organic compounds (BVOCs), which include VOCs produced by other living organisms, ~10% of all BVOC emissions (Maffei 2010) . Biogenic VOC is a relevant term particularly in ecosystem-level analysis , but the term non-methane VOCs is often used as methane is not normally included in plant VOC analyses, while ethanol, methanol and some other C2 compounds are included (Karl et al. 2010) . Volatile organic compound production in plants can be constitutive, whereby synthesis and emissions are continuous, but with emission rates varying greatly in response to basic abiotic factors such as light or temperature. Induced VOC synthesis is activated by external abiotic stress factors such as mechanical wounding caused by wind and cellular damage caused by phytotoxic pollutants Invited review: Part of a special section on poplars and the environment and by external biotic stress factors such as pathogens and herbivores Pinto et al. (2007a Pinto et al. ( , 2007b Laothawornkitkul et al. 2009, Arneth and . When exposed to variation in abiotic factors, biotically induced odour blends show significant changes in the ratio of individual compounds (Gouinguené and Turlings 2002) .
The wide variety of functions related to VOCs produced by plants has fascinated plant scientists, entomologists, ecologists, physicists and atmospheric scientists, leading to a doubling in the annual publication rate of scientific papers related to phytogenic VOCs from ca. 350 papers in 2000 to >700 papers in 2009 according to the ISI database (Dicke and Loreto 2010) . Several reviews of plant response to abiotic stresses have been published in recent years with a focus on stress duration and severity (Laothawornkitkul et al. 2009 , Niinemets 2010a , plant age (Niinemets 2010b) , light and temperature dependence , global climate change (Yuan et al. 2009, Penuelas and , combination with biotic stresses (Unsicker et al. 2009, Holopainen and Gershenzon 2010) and multiple abiotic stresses (Laothawornkitkul et al. 2009 , Vickers et al. 2009a , Loreto and Schnitzler 2010 . Vickers et al. (2009a) suggested that activated production of volatile isoprenoids is a major biochemical mechanism in plants to mitigate oxidative stress from multiple abiotic stresses.
A second major field of plant ecophysiological and ecological VOC research is ecological intraspecific and interspecific interactions communicated by biologically induced VOCs. These can be classified as, e.g., direct chemical plant defence against oviposition (De Moraes et al. 2001, Hilker and Meiners 2006) and feeding (Laothawornkitkul et al. 2008 ) by herbivores or spore germination and hyphal growth of fungal pathogens (Eckhardt et al. 2009 ). Negative impacts of plant VOCs (Glinwood and Pettersson 2000) on aphids will also have the potential to reduce the spread of aphid-transmitted plant virus diseases. The attraction of natural enemies 'cry for help' (Dicke 2009 ) by herbivore-induced VOCs is considered an important indirect plant defence against herbivores. Attractive VOCs can be induced by oviposition (Hilker and Meiners 2006) or by feeding by one or several herbivores (Mumm and Dicke 2010) . However, attack by fungal plant pathogens (Vuorinen et al. 2007 has often led to induction of similar volatiles to those induced by herbivore damage, and their impact on predators searching for herbivorous hosts has remained obscure.
A third major field of BVOC research is their impact on atmospheric quality where they can affect the formation of ozone in atmospheres polluted with nitrogen oxides (NOx) and quench ozone in NOx-poor atmospheres. This ozone quenching and VOC reactions with the OH radical may lead to the formation of secondary organic aerosol (SOA) particles, which can indirectly affect the growth condition of plants.
Secondary organic aerosol particles are known to form blue haze (Zhang et al. 2009 , Paasonen et al. 2010 , and it has recently been shown that plant VOC emission and oxidants are the only requirements for particle formation (Hao et al. 2009 ). Bouncing factor analysis (solid nano particles will bounce from surfaces in the impact process, but liquid particles tend to adhere to surfaces) in high air flow (Virtanen et al. 2010 ) has also revealed that small (>30 nm) developing SOA particles have a solid amorphic structure, not the droplet-like liquid structure earlier assumed. This may indicate that biogenic SOA is not as efficient in forming cloud condensation nuclei (CCN) as expected (Virtanen et al. 2010 ), but the light-reflecting properties of SOA particles may be important in light diffusion (Roderick et al. 2001) .
In this review I summarize some recent observations of abiotic and biotic stress effects on plant VOC emissions, especially on Populus spp. emissions (Table 1) . I also analyse the potential functions of phytogenic VOCs as a tool for trees to relieve stress and to compensate for stress effects on all levels from tree physiology to ecosystem and the above-forest atmosphere. Some earlier suggestions (Holopainen 2004 ) have been reformulated and updated with recent literature.
Major groups of phytogenic VOCs
Classification of VOCs produced by plants has traditionally followed a chemical classification system based on the synthesis pathways of the compounds (see Maffei (2010) for a review). To better understand the role of VOCs in ecosystems and their atmospheric behaviour, other classification criteria such as volatility or atmospheric lifetime could sometimes be more useful.
Classification according to biosynthesis pathways
Plant VOCs are a highly diverse group of >1700 volatile chemical compounds, representing >90 plant families. Chemically, VOCs emitted by plants belong to several groups of compounds such as terpenoids (homo-, mono-, di-, sesquiterpenes), fatty acid-derived C6-volatiles and derivatives, phenylpropanoid aromatic compounds (like methyl salicylate (MeSA) and indole), and certain alkanes, alkenes, alcohols, esters, aldehydes and ketones (Maffei 2010) .
Terpenes. This is the most diverse group of secondary compounds produced by plants (Gershenzon and Dudareva 2007) . Terpenes are produced via two separate terpene pathways, the mevalonic acid pathway (MVA) in the cytosol and the deoxyxylulose-5-phosphate pathway (also known as the MEP pathway) in the chloroplasts. All terpenes are produced from the precursors dimethylallyl diphosphate (DMAPP) and its isomer isopentenyl diphosphate (Kesselmeier and Staudt 1999) . A study with lima beans (Phaseolus lunatus) revealed that there is no strict separation of these pathways (Bartram et al. 2006 ).
Can forest trees compensate for stressgenerated growth losses? 1357 Isoprene (2-methyl-1,3-butadiene) is synthesized from DMAPP by the action of isoprene synthase, and it is the simplest and most volatile terpene (C5 hemiterpene) emitted by plants. The estimated annual global emission of isoprene emitted from vegetation is >600 × 10 12 g C , Laothawornkitkul et al. 2009 ). Volatile monoterpenes (C10) have two isoprene units, whereas semi-volatile sesquiterpenes have three isoprene units (C15). Most of the monoterpenes are typical constitutive leaf products whereas sesquiterpenes are typical flower fragrances (Ibrahim et al. 2010b) , although leaf emissions of many sesquiterpenes are induced by biotic stress (Vuorinen et al. 2007 ). The most typical biotic stress-related terpenes are the C11-homoterpene DMNT (4,8-dimethylnona-l, 3,7-triene) and the C16-homoterpene TMTT (4, 8, 3, 7, . The precursor for the biosynthesis of TMTT is the diterpene alcohol geranyl linalool (Arimura et al. 2009 ). Interestingly, the biosynthesis of nerolidol-derived DMNT can proceed via the MVA pathway after insect induction, while a fungal elicitor stimulates the biosynthesis of DMNT via the MEP pathway (Bartram et al. 2006) . Green leaf volatiles (GLVs) are fatty acid-derived C6-volatiles. Lipoxygenase (LOX) pathway products, called oxylipins, originate from polyunsaturated fatty acids that are released from chloroplast membranes by lipase activity (Maffei 2010) . Polyunsaturated fatty acids act as the source substrate for the biosynthesis of GLVs and numerous other oxygenated compounds, including jasmonic acid. The primary C6 GLV compound synthesized by the LOX/lyase pathway is 3-Z-hexenal (aldehyde), which is then converted to other common GLVs such as 2-hexenal (aldehyde), 3-hexenol (alcohol) and 3-hexenyl acetate (ester), but a 13 C-labelling experiment indicated that C5-compounds (2-pentenyl acetate and 2-pentenol) can also be constituents of the GLVs (Connor et al. 2008) .
P. trichocarpa
Volatile aromatic compounds consist of compounds containing an aromatic ring, and they form the third major group of VOCs emitted by plants (Maffei 2010) . Among the aromatics, phenylalanine-derived phenolic compounds are common to many plant species. Methyl salicylate is a common VOC in woody plants and is induced by herbivory (Vuorinen et al. 2007 , Blande et al. 2010b , fungal pathogens and ozone .
Sulphur-and nitrogen-containing volatiles are a diverse group of volatile compounds that are often related to a specific order, family or group of plant species (Mumm and Dicke 2010) . Glucosinolates (Halkier and Gershenzon 2006) are compounds that are specific to the order Brassicales and are therefore important feeding-promoting phagostimulants in cultivated Brassica crop plants. Glucosinolates are sulphur-rich, anionic natural products that upon hydrolysis produce several different volatile products (e.g., isothiocyanates, thiocyanates and nitriles). The hydrolysis products have many different biological activities in between-species interactions (Halkier and Gershenzon 2006) .
Classification according to volatility
Sufficient volatility of VOCs in the plant growth-promoting temperature range 15-35 °C is essential for their proposed function to protect internal plant physiological processes and external signalling between organisms. Isoprene and most of the monoterpenes and GLVs are highly volatile in normal daytime temperatures during the growing season. Semi-volatile compounds that have low emission rates below +20 °C temperatures include sesquiterpenes, homoterpenes and methyl salicylate (Canosa-Masa et al. 2002) . Semi-volatile compounds have exceptional behaviour at lower night temperatures when they can condense on emitting plant surfaces (Schaub et al. 2010) , but also on the surfaces of other plant species (Himanen et al. 2010) . The ecological impact of this function is not yet clear, but if VOCs produced by a neighbouring plant dominate in the morning emissions of a plant (Himanen et al. 2010) , herbivorous insects may respond to this change. Furthermore, plants can take up through their stomata less volatile atmospheric oxidation products of isoprene and monoterpenes originating from other plants and these are capable of upregulating genes in receiver plants (Karl et al. 2010) .
Classification according to atmospheric lifetime
When released from plants, VOC molecules are in the atmosphere in the gaseous phase and are under the influence of the physical condition of the atmosphere. In the microclimate of the leaf boundary layer, the concentration of plant VOCs is highest and dilution takes place the farther the distance from the leaf surface. Another factor that affects the actual atmospheric concentration of specific VOCs is the atmospheric lifetime, which is inversely proportional to the rate of reactions scavenging the given compound, mainly through reactions with OH radicals and O 3 . Ozone concentrations are highest in afternoons, when plant photosynthesis is most active, VOC emissions are peaking, and day-active herbivores and pollinators are exposed to plant VOCs. The constitutive and stress-induced VOCs within a chemical group, such as constitutive and stress-induced terpenes, show substantial variability in atmospheric lifetime (Atkinson and Arey 2003) . Some of the ecologically significant compounds such as the monoterpene α-terpinene and the sesquiterpenes β-caryophyllene and α-humulene have atmospheric lifetimes <5 min in an ambient growing season O 3 concentration of 30 ppb (Yuan et al. 2009 ). Most of the inducible VOC compounds have lifetimes of a few hours and <24 h (e.g., GLVs cis-3-hexenol and cis-3-hexenyl acetate 6-8 h), but isoprene, the monoterpene 1,8-cineole, the sesquiterpene longifolene, methyl salicylate, methyl jasmonate and methanol are not significantly scavenged by ozone (Atkinson and Arey 2003) .
Induced VOC emissions
The crucial question in the induced production of VOCs under stress is whether these compounds can increase the performance of a tree. In general, induced production of secondary chemicals in plants to defend against a stress factor has fitness costs when compared with unstressed plants (Heil and Baldwin 2002) . On the other hand, if a plant does not have any inducible defence against stress, the fitness costs could be much higher. For perennial plants, growth in size rather than fitness in a strict sense (production of propagules) is a better indicator of fitness as young trees have to produce sufficient biomass to survive in competition. Most stress factors result in a reduction in plant net assimilation rate, reducing the newly assimilated carbon pool present in leaves (Niinemets 2010a) . In small tree seedlings, the newly assimilated carbon is immediately translocated to growing organs, but larger trees have huge carbon reserves and their growth is less affected by stress episodes (Niinemets 2010b) . Most of the experimental work to estimate plant VOC production under stress is conducted with seedlings and saplings and does not always reflect the responses of larger trees. Although emission dynamics of plant VOCs and gas-to-particle conversion processes in forest sites are not identical to chamber experiments, physically similar end products can be detected in both environments (Virtanen et al. 2010 ).
How BVOCs can improve the growth conditions for trees
In the following section, some recent literature on the functionality of VOCs across different scales from the individual tree and its physiology to the ecosystem and biome level is reviewed and potential functions are suggested. The level of current scientific understanding and position across the individual tree-forest stand scale for the major functions and plant responses related to plant VOCs are summarized in Figure 1 .
Physiological relief from abiotic stresses
There are many direct effects of phytogenic VOCs that improve plant thermotolerance and give protection against oxidative stress. Loreto and Schnitzler (2010) have given a detailed review of the physiological mechanisms related to VOC functions under abiotic stress. Volatile organic compound fluxes from plants can account for up to 5-10% or even more of total net carbon exchange, particularly under stress conditions, and therefore their importance in compensating for environmental stress is emphasized . In the leaves of deciduous trees, emissions originate from mesophyll cells in a light-and temperature-dependent manner (Ghirardo et al. 2011) . In a grey poplar, when fed with 13 CO 2 , the daily C loss as VOCs ranged between 1.6% in mature leaves and 7.0% in young leaves (Ghirardo et al. 2011 ). In the needles of most conifer species, light-dependent terpene emissions are released from photosynthetic tissue together with a temperature-dependent volatilization of stored terpenes from resin ducts (Shao et al. 2001 , Laothawornkitkul et al. 2009 , Loreto and Schnitzler 2010 . Thin ducts (<2 µm in diameter) leading from the resin canals to the needle surfaces of Picea abies (M. Kivimäenpää, personal communication) could be the route for emissions of stored mono-and sesquiterpenes in this conifer species. Some broad-leaved trees bear glandular trichomes on their leaves (Valkama et al. 2004) ; the capacity trichome glands to store and release terpenes and other volatiles under stress needs more assessment.
Temperature
Thermotolerance has been considered to have significant explanatory power for massive isoprene emissions by some plant species . There is experimental support, e.g., from Populus trichocarpa leaves, which start to emit isoprene 1 week earlier during their expansion, and the isoprene emission rates are higher when grown in higher temperatures . Thylakoid membrane stabilization, antioxidant function and heat removal have been suggested as mechanisms through which isoprene emission may contribute to thermotolerance in plants. In a study of transgenic Arabidopsis plants overexpressing Populus alba isoprene synthase, Sasaki et al. (2007) observed that the temperature of leaves was on average 5-8 °C lower than that of wild-type leaves under heat stress. Isoprene-emitting Arabidopsis plants survived treatment with extreme high temperature (60 °C for 2.5 h), while wild-type plants died. Transgenic plants were able to emit 15 times higher amounts of isoprene during heat treatment than in normal growth conditions. Loivamäki et al. (2007) also found improved thermotolerance of transgenic isopreneemitting Arabidopsis at 40 °C, but overexpression of the isoprene synthase (ISPS) gene did not result in enhanced isoprene production in grey poplar (Populus × canescens) (Behnke et al. 2007 ). However, ISPS silencing in P. × canescens led to reduced thermotolerance indicated by reduced rates of net assimilation and photosynthetic electron transport compared with wild-type plants (Behnke et al. 2007) . Recently, Way et al. (2011) found that net photosynthesis of P. × canescens at 42 °C was 50% lower in non-emitter mutants than in isoprene-emitting trees at low (190 ppm) CO 2 , but only 22% lower at high (590 ppm) CO 2 . Way et al. (2011) proposed that isoprene biosynthesis may have evolved at low CO 2 concentrations, where its physiological effect is greatest, and that rising CO 2 will reduce the functional benefit of isoprene in the near future.
Can forest trees compensate for stressgenerated growth losses? 1361 Figure 1 . A schematic presentation of the current scientific understanding of the importance of plant VOCs in various processes related to forest tree defence, and coping with abiotic and biotic stresses. Shaded boxes concern processes that will take place at the plant cellular level.
Studies on the role of VOCs in thermotolerance are strongly focused on isoprene, as the quantity emitted is much higher than those of other isoprenoids and other volatile compounds. However, impacts of exogenously fumigated monoterpenes to improve thermotolerance in Qercus ilex have been shown by Loreto et al. (1998) . In an open-field study with the European aspen, Populus tremula, Hartikainen et al. (2009) indicated that a long-term +1 °C increase in mean temperature with supplemental infrared radiation can result in a significant increase in monoterpene and LOX product (GLV) emissions, but isoprene emissions were not affected. This observation was supported by the results of a 6-week exposure experiment with nighttime temperature elevation in the range of 6-22 °C with an increase of 4 °C steps (Ibrahim et al. 2010b ). In P. tremula, daytime isoprene emissions were not significantly affected, but daytime GLV emissions significantly increased, peaking when night temperature was equal to daytime temperature. Total monoterpene and sesquiterpene emissions and homoterpene DMNT emission sharply increased with elevating night temperature, but there was extensive variation between saplings. In silver birch (Betula pendula), elevating night temperature significantly affected DMNT, total sesquiterpene and GLV emissions (Ibrahim et al. 2010b ). Increase of GLV emission under heath stress has been observed to indicate the occurrence of damage to cell walls and membranes and inhibition of isoprenoid production (Loreto et al. 2006) .
Drought
Drought stress is often related to episodes of low precipitation, but salt stress also affects water availability from soil, and thus reduces stomatal conductance. In general, VOCs mainly partitioned into liquid phase, such as oxygenated VOCs (OVOCs) (methanol, C6 aldehydes and alcohols), are emitted through stomata and their emission might be limited under stomatal closure (Loreto and Schnitzler 2010) . Highly volatile compounds, such as isoprene and monoterpenes, are diffused even under stomatal closure (Niinemets et al. 2004 ), but one may expect that emissions of isoprenoids are reduced when stomata are closed and photosynthesis is inhibited, thus limiting carbon supply into the MEP pathway. Surprisingly, this is not the case, and recent studies indicate opposite responses with increases in isoprene emissions under drought stress, although there is variation between plant species (Loreto and Schnitzler 2010) . Brilli et al. (2007) demonstrated, in a 13 C-labelling experiment with P. alba, that under drought stress larger contributions of alternative carbon sources, instead of recently fixed photosynthates, were used for isoprene synthesis when photosynthesis was dramatically constrained by drought. This suggests that isoprene production and high internal concentrations are maintained by plants under periods of drought. No evidence of improved drought resistance in isoprene-emitting transgenic Arabidopsis was found by Sasaki et al. (2007) .
In monoterpene-emitting woody plants, monoterpenes seem to respond as expected under stomatal closure due to drought stress. Simpraga et al. (2011) observed that net photosynthesis (Pn) of Fagus sylvatica started to decrease 10 days after withholding the water supply, followed after a few days by a decrease in monoterpene emission. However, the carbon ratio of monoterpene emission/Pn increased as long as the beech stem was growing. Simpraga et al. (2011) considered that a larger fraction of carbon might be allocated to monoterpene formation to mitigate chloroplast oxidative damage (Delfine et al. 2005) , as trees might accumulate harmful free radicals during drought stress. Furthermore, Grote et al. (2009) estimated, on the basis of different emission models, that monoterpene emissions from a Mediterranean Holm oak (Q. ilex) site were decreased due to drought episodes by ~33% on average over a 10-year period, and during a severe drought in 2006 they estimated a 67% decrease in monoterpene emissions (Grote et al. 2010) . C4 plants such as corn (Zea mays) close stomata due to drought, but they are effective C-fixers due to phosphoenolpyruvate (PEP) carboxylase and C-pumping into bundle sheath cells or vacuoles. Gouinguené and Turlings (2002) found high monoterpene and sesquiterpene emissions from intact and mechanically damaged plants growing in dry soil, suggesting that C4 plants can use earlier-fixed C for monoterpene synthesis and also indicating that the volatiles are not only released through the stomata.
Ozone and other oxidants
Biogenic VOCs play a dual role in the atmospheric system; oxidation of VOCs removes ozone from the troposphere when NOx levels are low, while VOC oxidation increases ozone levels when air is contaminated with NOx formed by combustion (Lerdau and Slobodkin 2002) . Loreto and Velikova (2001) used this analogue to test whether VOCs could act as antioxidants in leaf tissue to reduce oxidative stress. They found that when the synthesis of endogenous isoprene was inhibited by feeding fosmidomycin, Phragmites australis leaves became more sensitive to ozone than the normal that which were producing isoprene. In response to short-term ozone exposure, photosynthesis was only decreased in isoprene-inhibited leaves. Vickers et al. (2009b) found similar ozone protective effects when comparing transgenic isoprene-emitting tobacco plants with non-emitting plants. When exposed to unrealistically high peak ozone concentration (700 ppb), the result with nonisoprene-emitting transgenic poplars (Populus × canescens) (Behnke et al. 2009 ) gave a totally different view of isoprenerelated ozone resistance in woody plants. These transgenic plantlets appeared to be more resistant to ozone, as indicated by less damaged leaf area and higher assimilation rates compared with that of ozone-exposed wild-type plantlets. The better ozone resistance was expected to be a result of higher ozone quenching properties of ascorbate and α-tocopherol than isoprene as these antioxidants were in higher concentration in non-isoprene-emitting than in wildtype poplars (Behnke et al. 2009 ). Loreto et al. (2004) demonstrated that inhibition of monoterpene synthesis in detached Q. ilex leaves with fosmidomycin led to rapid reduction in photosynthesis and accumulation of reactive oxygen species, such as hydrogen peroxide, after ozone exposure. In plants exposed to ozone, stimulation of isoprene and monoterpene emissions is observed in response to acute and heavy doses of ozone (>150 ppb) (Loreto and Schnitzler 2010) . In lima bean plants, exposure to similarly high ozone doses, which are able to produce cellular damage, indicated by GLV emissions, resulted in emissions of homoterpenes, but monoterpene emissions were not affected (Vuorinen et al. 2004) . In a growing season-long field experiment with P. tremula exposed to an ozone dose 80% higher than ambient, ozone level did not affect isoprene, monoterpene or GLV emissions and did not influence leaf growth (Hartikainen et al. 2009 ). In two long-term experiments exposing Populus tremuloides to elevated CO 2 and O 3 at an aspen free air carbon dioxide enrichment (FACE) site, Calfapietra et al. (2008) found that in the long term, aspen trees were not able to respond to ozone stress by increasing their isoprene emission rates. However, ozone-tolerant clones had a better capacity to maintain higher amounts of isoprene emission. In exposure of Populus nigra to 80 ppb ozone in a chamber experiment, the emission of isoprene and oxygenated six-carbon (C6) volatiles was inhibited by ozone, whereas methanol emission was increased, especially in developing leaves (Fares et al. 2010) . In an open-field microcosm experiment with doubled ambient ozone levels, elevated ozone concentration had no significant overall effects on isoprene emission, although isoprene emissions tended to vary more under ozone exposure during the warmest weather conditions (Tiiva et al. 2008) .
Light level and UV-B radiation
Reduced photosynthetically active radiation (PAR) levels, as a result of either lower light intensity or shorter daylength, reduce plant capacity to respond to biotic stresses (Vänninen et al. 2010) . This is reflected, e.g., in the lower amounts of inducible VOCs produced in lower light or shady conditions (Takabayashi et al. 1994; Gouinguené and Turlings 2002, Schaub et al. 2010 ). Gouinguené and Turlings (2002) found that intact maize plants did not significanly increase their emission rate from darkness to when light intensity increased from 0 to 20,000 lm m −1 . Simulated herbivory resulted in a one order of magnitude increase in total VOC emissions, and the quality of the induced odour blend changed when homoterpene DMNT and sesquiterpenes α-bergamotene and (E)-β-farnesene kept their proportion, but many other compounds significantly decreased with increases in light intensity (Gouinguené and Turlings 2002) . This result suggests that light intensity could change the smell released by damaged plants.
Increase of UV-B radiation due to stratospheric ozone depletion has the potential to influence primary and secondary metabolism in plants. Only a few studies have measured VOC responses in plants exposed to elevated UV-B doses. Johnson et al. (1999) observed that supplemental UV-B radiation can increase monoterpene and sesquiterpene content of sweet basil (Ocimum basilicum). Dolzhenko et al. (2010) found that nearly all genes coding phenolic and terpene synthesis in peppermint were regulated by UV-B irradiation, but the concentrations of most monoterpenes were not correlated with gene expression. However, monoterpenes 1,8-cineole and linalool and sesquiterpenes germacrene D and (E)-β-farnesene were found in higher concentrations in plants exposed to supplemental UV-B. Climate changerelevant long-term increases in UV-B radiation did not affect the monoterpene content of Scots pine (Pinus sylvestris) and Norway spruce (P. abies) foliage (Turtola et al. 2006) . Harley et al. (1996) found that isoprene-emitting Quercus gambelii under supplementary UV-B representing a 30% depletion of ozone had increased isoprene emissions when normalized to specific leaf mass. Tiiva et al. (2007a) reported an increased isoprene emission rate in a subarctic fen in conditions simulating a 20% depletion of stratospheric ozone, but other terpenes were not affected (Faubert et al. 2010 ). In studies with supplemental UV-B radiation on Norway spruce (P. abies) ) and filtering of UV bandwidth on soy bean (Winter and Rostás 2008) , higher UV radiation level did not affect the emission rates of herbivore-induced VOCs, although UV removal reduced the accumulation of protective phenolics in foliage (Winter and Rostás 2008) . Foggo et al. (2007) observed that diamondback moth larvae avoided cabbage plants grown in realistically UV-B supplemented chambers while the moth parasitoid Cotesia vestalis preferred moth-damaged plants grown in UV-B-supplemented conditions. Foggo et al. (2007) speculated that increased levels of volatile signals were produced by host plants as a direct consequence of UV exposure.
Atmospheric CO 2
The atmospheric CO 2 concentration is continuously increasing, leading to global warming; however, as a basic substrate for photosynthesis, improved CO 2 availability dramatically affects plant life and partly compensates for projected temperature and drought stress effects on plants (Long et al. 2006) . In experiments simulating doubled atmospheric CO 2 concentration with monoterpene-storing conifers, an increase in CO 2 availability has resulted in decreased needle concentrations of volatile monoterpenes during the growing season (Sallas et al. 2001 (Sallas et al. , 2003 , but there has been no effect on needle Can forest trees compensate for stressgenerated growth losses? 1363 concentrations (Kainulainen et al. 1998) or emissions (Räisänen et al. 2008a) at the end of the growing season. It was expected that during the growing season the decrease in photosynthetic capacity at elevated CO 2 concentration, which was accompanied by depletion of substrates for secondary metabolite production, could account for the decline in foliar terpene concentrations (Sallas et al. 2003) . As opposed to this, elevated temperature increased monoterpene concentration in needles (Sallas et al. 2003 ) but reduced monoterpene emission from Scots pine foliage (Räisänen 2008a) , while combined CO 2 and temperature elevation resulted in substantially (+23%) increased monoterpene emissions (Räisänen 2008a) .
In non-storing plant species, light dependence of isoprenoids is well known, but also decreasing trends of isoprene emission rates with increasing CO 2 concentration have been known for several decades (Sanadze 1969) . Furthermore, in several plant species isoprene biosynthesis has not responded to higher than ambient CO 2 concentrations (Loreto and Schnitzler 2010) . It has been proposed that mitochondrial respiration can constitute a growing sink for cytosolic PEP under rising CO 2 , thus competing with the import of this substrate in the chloroplast for terpene biosynthesis (Rosenstiel et al. 2003, Loreto and . Hybrid poplar (Populus × euroamericana) saplings were studied in a FACE field, with isoprene emissions shown to be remarkably similar at the ambient and elevated CO 2 levels (Centritto et al. 2004) . When Populus deltoides trees were grown at elevated CO 2 concentrations of 430, 800 or 1200 ppm at the Biosphere 2 facility, trees grown at ambient CO 2 always had higher isoprene emission rates than the leaves of trees grown at elevated CO 2 (Pegoraro et al. 2004 ). Wilkinson et al. (2009) suggested that isoprene emissions from Eucalyptus globulus were higher at an ancient CO 2 concentration of 240 ppm than at the current CO 2 concentration and P. deltoides and P. tremuloides exhibited a 30-40% reduction in isoprene emission rate when grown at 800 ppm CO 2 than at 400 ppm CO 2 . These results suggest that increased atmospheric CO 2 concentrations in future warmer climatic conditions may limit isoprene and probably monoterpene emissions from trees.
Direct effects of VOCs on herbivores and pathogens
In direct defence, plant traits directly affect the behaviour, performance and fecundity of herbivores and microbial pathogens, while in indirect defence the impact on herbivores and pathogens is through the enhanced activity of parasitoids of herbivores, or carnivorous and fungivorous predators. Direct plant defence against damaging organisms could be physical (e.g., thick cuticle, trichomes or thorns) or chemical (e.g., toxic and feeding deterrent non-volatile compounds or repellent, antibacterial or antifungal volatile compounds). The repellent effects of plant volatiles on plant virus-transmitting herbivores have a direct effect on vector capacity and probability of virus infection. Various volatiles produced by plants are known to be responsible for the defence and attraction of herbivorous animals. In the following, volatile compounds are evaluated against different types according to their effect on chemical classes, although the effects on herbivores are mostly a combination of different chemical compounds (Bruce et al. 2005) .
Chewing invertebrate herbivores
Isoprene has for a long time not been considered to be associated directly with plant direct defence against herbivores. However, Laothawornkitkul et al. (2008) found, in a study using isoprene-emitting transgenic tobacco plants, that isoprene deters Manduca sexta caterpillars from feeding. The crucial role of isoprene in the avoidance behaviour was confirmed using an artificial (isoprene-emitting and non-emitting control) diet. Furthermore, Brilli et al. (2009) found that young Populus × euroamericana leaves emit a blend of monoterpenes, primarily (E)-β-ocimene and linalool, while older leaves constitutively emit isoprene and (E)-β-ocimene and linalool only after insect damage. Chrysomela populi leaf beetle adults avoided intact mature leaves that were emitting isoprene and preferred monoterpene-emitting young intact leaves and monoterpeneemitting insect-damaged mature leaves (Brilli et al. 2009 ). Hence, leaf beetles will 'break' isoprene-based defence and beetle-damaged plants may become attractive for other beetles.
Volatile compounds, such as monoterpenes in conifers, have a strong influence on the behaviour of herbivorous insects, attracting conifer specialists and repelling generalist herbivores. Conifer specialist bark beetles also use volatiles emitted by non-host deciduous trees to avoid these when searching for suitable host trees (Zhang and Schlyter 2004) . In Hawaii, invasive plant species, which do not have specialist herbivores in their new range, invest more on constitutively defensive volatile mono-and sesquiterpenes against generalists than local vegetation species with their own adapted herbivores ). Monoterpenes are a significant part of conifer oleoresin together with resin acids (diterpenes) and some sesquiterpenes (Trapp and Croteau 2001) . When conifer tissue is wounded, the monoterpenes appear first and continue to accumulate, having a dual role in immediate antibiosis and later as a solvent for the resin acids (Phillips and Croteau 1999) . Particularly in pines, monoterpenes keep the resin fluid when it is translocated via resin ducts to the damage site (Trapp and Croteau 2001) . Oleoresin flow gives direct mechanical protection by pushing the bark beetles out of the site of entry (Keeling and Bohlmann 2006) , and high volatility of monoterpenes makes it possible for conifers to rapidly dry and polymerize the resin to seal the damage site (Pasqua et al. 2002) . Heavy beetle pressure is important for successful attack on conifers, and monoterpenes released from resin flow at damage sites in addition to beetle pheromones (Hofstetter et al. 2008 ) 'reveal' damaged and weakened trees for other bark beetle individuals promoting aggregated attack.
Conifer needle defoliators like pine sawflies are also highly specialized insect herbivores that will locate their true host plants by using volatile monoterpene signals as orientation cues. The European pine sawfly Neodiprion sertifer, for example, is strongly attracted to P. sylvestris and P. nigra trees while this species avoids Pinus pinea as a host. Martini et al. (2010) showed that the avoidance by N. sertifer females is based on the higher relative concentration of limonene in the constitutive VOC emission of P. pinea than in P. sylvestris. Danielsson et al. (2008) found that mini-seedlings of P. sylvestris emitting predominantly limonene have a repellent effect on the pine weevil (Hylobius abietis). When wounded, repellent green leaf volatiles were released by mini-seedlings while the pine weevil attractant α-pinene was released by larger conventional seedlings after damage. It is very well documented that the relative proportions of volatile compounds have a strong influence on herbivore behaviour (Awmack and Leather 2002 , Ibrahim et al. 2005 , Brilli et al. 2009 , Dewhirst and Pickett 2010 , although invertebrate herbivores influence the relative proportions of both constitutive and inducible VOC emissions from plants (Blande et al. 2007 , Brilli et al. 2009 ). Monoterpenes are stored in many plant species in specialized structures like resin ducts in conifers and glandular trichomes, from where they are released under attack and give protection against herbivores (Kang et al. 2010) .
In tomato, a hairless mutant had less trichomes and the sesquiterpene and polyphenolic compound content was lower than in wild-type plants (Kang et al. 2010) . These mutants were also odourless and suffer from greater damage by two leaf beetle species and a noctuid moth than wild-type plants (Kang et al. 2010 ). In the leaves of several birch species (Betula pendula, B. pubescens ssp. pubescens and B. pubescens ssp. czerepanovii), both glandular and non-glandular trichomes and the trichome density correlate with the concentration of flavonoid aglycones (Valkama et al. 2004 ), but may also explain diverse sesquiterpene emissions of B. pendula . How much the herbivore-induced production of sesquiterpenes in herbivore-damaged Populus spp. (Arimura et al. 2004 , Blande et al. 2007 , Schaub et al. 2010 ) will affect the behaviour and feeding intensity of the damaging herbivore itself and other herbivores remains to be studied.
Green leaf volatile compounds may provide deciduous trees with direct protection from attack by insect species that are more specialized on conifers. Studies with bark beetles on conifers (summarized by Zhang and Schlyter 2004) have indicated that GLVs are repellent to many of the bark beetles, which are specialist herbivores. Halitschke et al. (2004) , working on tobacco, Nicotiana tabacum, which had silenced hydroperoxide lyase and allene oxide synthase genes, normally providing substrates required for the biosynthesis of GLVs, found that plants with depleted GLVs were less attractive than wild-type plants in choice tests with larvae of the native noctuid moth M. sexta. In feeding trials, the larvae developed more slowly on depleted GLV plants. This result indicates that GLVs may not be repellent to the specific herbivores of herbaceous plants, which they might be for herbivores of conifer trees. The results of Shiojiri et al. (2006) also showed that plants over expressing genes responsible for GLV production may be higher risk hosts for herbivorous moth larvae by improved attraction of parasitoids.
Chewing vertebrate herbivores
There are only a few cases of improved plant resistance to vertebrate herbivores communicated with volatile compounds. In Eucalyptus spp. the content of the volatile foliage monoterpene 1,8-cineole is an indicator of the concentration of nonvolatile nausea-causing formylated phloroglucinol compounds and determines how much foliage marsupial folivores eat from an individual tree (Moore et al. 2004) . Lower levels of monoterpenes promote browsing by mammals such as elk feeding on pine bark (Jakubas et al. 1994) . Monoterpene derivatives of Scots pine can be repellent to moose (Alces alces) (Sunnerheim-Sjöberg 1992). Feeding by lambs (Estell et al. 2008) or voles (Hartley et al. 1995) does not respond to monoterpenes in food, but sesquiterpenes have antifeedant properties for lambs (Estell et al. 2008) , moose (Härkönen et al. 1997 ) and voles (Picman et al. 1982) .
Sucking herbivores
Aphids, unlike chewing herbivores, do not remove plant tissue, but they feed on plants by sucking phloem sap. As sap-feeders, aphids respond rapidly to changes in food availability, and for this reason they are probably among the herbivores with the most sensitive responses to plant stress. Aphids have frequently shown improved performance on abiotically stressed forest trees (Neuvonen and Lindgren 1987 , Holopainen et al. 1991 , 1993 , 2009 , Percy et al. 2002 . Both bottom-up (plant specific) and top-down (external control) factors have been shown to have an impact on aphid fitness on host plants under environmental stress (Bale et al. 2002 , Butler and Trumble 2008 , Zvereva and Kozlov 2010 . Changes in the nutritional quality of host plants have an impact on insect herbivores and particularly on sap-feeders, which have been shown to rapidly respond to the enhanced availability of free amino acids when stressed plants translocate nutrients from senescing older parts to new growth (Dohmen et al. 1984) . Constitutive emission of the sesquiterpene β-farnesene from plants has been repellent to aphids (Beale et al. 2006) , because this compound is a natural alarm pheromone of aphids that is released by aphids under attack.
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Aphid feeding on woody plants induces VOC emissions very similar to those induced by chewing herbivores such as beetles or moth larvae. A distinctive feature of aphid-induced emission profiles of woody plants has been a high proportion of methyl salicylate (Glinwood and Pettersson 2000 , Blande et al. 2010b , Dewhirst and Pickett 2010 . Methyl salicylate has been shown to have repellent properties against aphids and host-alternating migrant aphids can use methyl salicylate as a cue to avoid specific primary woody hosts (Glinwood and Pettersson 2000) . Staudt et al. (2010) found that of five aphidinfested peach (Prunus persica) cultivars, induced VOC emissions were highest in the genotypes that express increased aphid resistance during secondary infestations; they also had the highest proportions of methyl salicylate in their emissions.
High concentrations of the monoterpenes limonene and α-pinene β-pinene reduced oviposition and movement, and in higher concentration were toxic to the needle-sucking spruce spider mite Oligonychus ununguis (Cook 1992) . Several monoterpenes were shown to be toxic or to increase the duration of larval and nymphal development of the spider mite Tetranychus cinnabarinus, the aphid Aphis gossypii and the western flower thrips Frankliniella occidentalis (Erler and Tunc 2005) . Several monoterpenes were repellent against the root-knot nematode Meloidogyne incognita, and α-terpineol showed the highest nematicidal activity among the in vitro tested monoterpenes (Echeverrigaray et al. 2010) .
Most of the studies analysing the direct larval growth or behavioural responses of insects and other invertebrate herbivores to constitutive or induced plant VOCs do not estimate whether changes in attraction or repellency will affect the intensity of herbivore damage to the host plant.
Plant pathogens
Plant pathogens have also shown direct responses to plant VOCs. Paine and Hanlon (1994) found that growth of the woodstaining symbiotic fungi of bark beetles of Pinus jeffreyi was inhibited by the monoterpenes p-cymene and terpinolene. Fungal root pathogens are known to suffer when exposed to VOC compounds produced by Pinus spp., which inhibit spore germination and hyphal growth. Eckhardt et al. (2009) grew pine and the associated pathogenic fungi Leptographium huntii, L. serpens, L. terebrantis, L. procerum, Heterobasidion annosum and Phytophthora cinnamomi in saturated atmospheres or in direct contact with pure monoterpenes to detect their responses. Hyphal growth of the tested fungi was strongly inhibited by all the monoterpenes (α-pinene, β-pinene, camphene, myrcene, limonene and β-phellandrene) used in tests. Spore germination was also inhibited by monoterpenes, but much more strongly inhibited by the phenyl propanoid 4-allylanisole (Eckhardt et al. 2009 ). Several monoterpenes have growth-inhibiting effects on common leaf and fruit pathogens Botrytis cinerea and Monilinia fructicola (e.g., Tsao and Zhou 2000) . Green leaf volatile antagonism against the fungal pathogen B. cinerea has also been reported. Shiojiri et al. (2006) observed that Arabidopsis thaliana whose GLV biosynthesis had been modified to produce significantly more GLVs than wild type was more resistant to B. cinerea than wild type. The significant role of GLVs was confirmed by fumigation of wild-type A. thaliana with the GLV (Z)-3-hexenal, which resulted in significantly reduced B. cinerea lesions on infected wild-type plants.
Bacterial infection of tobacco plants with virulent, avirulent and non-pathogenic strains of Pseudomonas syringae resulted in variable blends of VOC emissions (Huang et al. 2003 ). An avirulent strain induced much higher emissions of the monoterpene (E)-β-ocimene, total sesquiterpenes and methyl salicylate than pathogenic or non-pathogenic strains. Plants treated with the pathogenic strain only emitted methyl salicylate at higher rates than plants treated with non-pathogenic strains. Huang et al. (2003) suggested that volatile emissions either play a role in the direct defence of the plants or are by-products generated from defensive responses of tobacco.
Plant virus infection induces methyl salicylate emission from tobacco plants, and these VOC emissions activate the virus defence in neighbouring healthy plants, leading to reduced symptoms after subsequent inoculation of these plants (Shulaev et al. 1997) . Plant virus diseases are transmitted by various vector organisms, including nematodes, but aphids are among the most important vectors. Any effect of VOCs on the virus transmission capacity of aphids will affect the spread of virus infestation, and hence a repellent effect of methyl salicylate (Glinwood and Pettersson 2000) or the sesquiterpene β-farnesene (Beale et al. 2006 ) may depress the incidence of aphid-transmitted viruses. Surprisingly, the plant virus, and not the host plant, improves its own fitness with the help of plant VOCs. Mauck et al. (2010) found that a widespread plant pathogen, cucumber mosaic virus, affects the quality and attractiveness of its host Cucurbita pepo to two virus vectors, the aphids Myzus persicae and A. gossypii. Cucumber mosaic virus greatly reduced host-plant quality and aphids performed poorly on infected plants and rapidly emigrated from them. The attractiveness of infected plants to aphids was increased by induction of a VOC blend, containing, e.g., monoterpenes (E)-β-ocimene and linalool in a similar composition to that emitted by healthy plants. As the VOC signal was not in agreement with the plant condition, aphids probed low-quality infested plants and then left, thus distributing the acquired virus to healthy plants.
Volatile organic compounds in attraction of carnivores and trophic cascades
Indirect plant defences do not directly affect the damaging herbivore, but herbivore-induced volatile compounds produced by the damaged plant attract the carnivorous species that attack the herbivore. This should result in reduced damage and increased plant fitness. Mumm and Dicke (2010) listed nearly 60 reported cases (plant herbivore interactions), whereby damage by insects or other invertebrate herbivores to plants has induced production of VOCs and these volatiles have acted as attractive signals for carnivorous species that are natural enemies of the herbivores. Although these reports include a wealth of laboratory-based experiments showing the importance of herbivore-induced VOCs in attracting the enemies of herbivores (e.g., Turlings et al. 1990 , Mattiacci et al. 1995 , Kappers et al. 2005 , Zhang et al. 2009 ) and evidence collected in field conditions using damaged plants (e.g., Kessler and Baldwin 2001 , Mäntylä et al. 2008 , Allmann and Baldwin 2010 or pure compounds like GLVs, MeSA and DMNT (James 2003) , only a few have demonstrated a VOC-mediated increase in carnivore attack rates on herbivores under field conditions (Dicke and Baldwin 2010) . Poelman et al. (2009) showed that cultivars of Brassica oleracea that were identified as the most attractive to parasitoids in the laboratory also had the highest proportions of parasitism in the field. The overall composition of the headspace volatiles and the amounts of terpenes and methyl salicylate emitted explained the relative parasitism differences of herbivores found in the field. Thaler (1999) reported that activation of tomato defences and VOC production with the elicitor jasmonic acid increased the attraction of parasitoids of Spodoptera exigua moth larvae and resulted in a 37% increase in the parasitization rate of larvae. Parasitoids of the third trophic level can use constitutive volatiles to avoid host plants that are not suitable for their main host species. Loivamäki et al. (2008) found, in a laboratory study with isoprene-emitting A. thaliana, that one of the tested parasitoids (Diadegma semiclausum) avoided herbivore-damaged isoprene-emitting A. thaliana, while another wasp (Cotesia rubecula) did not respond to isoprene in behavioural and electroantennogram measurements. This result suggests that if tree resistance against abiotic stresses can be improved by upregulated production of isoprene or by isoprene gene transfer to non-emitting tree species, the efficiency of indirect herbivore control based on parasitoid species could be reduced.
Trophic cascades in multitrophic systems can be found when predators alter the abundance of herbivores and thereby free the next lower trophic level in the food web (e.g., forest trees) to produce more biomass (e.g., Pace et al. 1999 ). The requirements for a trophic cascade are fulfilled if the indirect defence of a plant species is functional, that is carnivore attractive signals result in reduced herbivore pressure and improved productivity. A functional trophic cascade does not necessarily need VOC signals to be involved if the cascade effect is based on visual signals or random searching by generalist predators. For most of the host-specific predators and parasitoids, volatile orientation signals are a necessity. In terrestial ecosystems very few studies have shown trophic cascades leading to improved plant growth or reproduction due to improved impact of herbivore enemies (Pace et al. 1999 ). However, Tooker and Hanks (2006) showed, in field conditions, that the prairie perennial Silphium laciniatum had reduced fitness, and fewer and smaller seeds of lower viability, due to the herbivore pressure of a gall-making wasp, if its parasitoid, a eurytomid wasp, was excluded. The risk of improved production of herbivoreinducible VOCs in plants is that other herbivores (Brilli et al. 2009 ), or carnivores from the fourth trophic level, which control the levels of a herbivore's parasitoids and predators, will take advantage of the induced VOC emissions and use these cues as orientation signals as well (Orre et al. 2010) .
In predator exclusion experiments with trees, the importance of passerine birds as predators on insect herbivores has been shown. Bridgeland et al. (2010) summarized eight earlier studies that excluded birds and measured plant biomass to potentially detect a top-down trophic cascade. Only three of those studies (Marquis and Whelan 1994 , Boege and Marquis 2006 , Mooney and Linhart 2006 showed a strong trophic cascade where decreased numbers of birds in enclosures reduced tree biomass. Sipura (1999) found that birds increased the growth of the experimental willows compared with enclosed plots, but the effect was only clear on unfertilized Salix phylicifolia. In common garden experiments with hybrid cottonwoods (Populus angustifolia × P. fremontii), Bridgeland et al. (2010) demonstrated a clear trophic cascade represented by an 18% reduction in trunk growth when birds were excluded. They also found that a trophic cascade was weak or not evident when tree growth and insect populations were low. Marquis and Whelan (1994) reported a slightly higher (ca. 28%) increase in total biomass of Quercus alba in a forest stand if bird predation was not excluded. Mäntylä et al. (2008) reported the first correlative evidence that increased bird visits to moth-damaged branches of mountain birch in a forest site could be based on attraction by herbivore-induced VOCs. Earlier Mäntylä et al. (2004) showed that foliar damage by sawfly larvae on mountain birch leaves led the willow warbler (Phylloscopus trochilus) to prefer intact branches of trees with introduced larvae over intact branches of control trees, possibly using olfactory cues.
It is not only carnivorous predators and parasitoids that have behaviours activated by herbivore-induced VOCs. Hountondji et al. (2006) demonstrated that MeSA induced by spider mite feeding promoted sporulation of one isolate of the mitepathogenic fungus Neozygites tanajoae. Thus VOCs may have indirect harmful effects on herbivorous invertebrates by increasing herbivore mortality by pathogens, but also by stimulating spore production on mummified dead mites, which creates a preventive mite-pathogenic spore load on the plant surface.
Atmospheric ozone quenching, VOC signals and SOA formation
Many of the VOCs released after serious abiotic or biotic stress have distinctively short lifetimes in the ambient atmosphere Can forest trees compensate for stressgenerated growth losses? 1367 due to reactions with ozone, OH radicals or NO 3 radicals. In Table 2 , the atmospheric lifetimes of some common constitutively emitted and inducible VOC compounds are given. These values are lifetimes in ambient air conditions, while in polluted environments the lifetimes could be significantly shorter and some of the most reactive compounds could disappear from the volatile plume (e.g., Pinto et al. 2007a ). Many induced compounds have short lifetimes, e.g., the sesquiterpene α-farnesene was the first compound to disappear from the atmospheric odour plume of cabbage plants when methyl jasmonate-treated plants were exposed to elevated ozone (Joutsensaari et al. 2005) . In an experiment where monoterpenes from the headspace of moth-damaged cabbage plants were conducted into a smog chamber and mixed with ozone concentrations of 100, 200 and 400 ppb, reactions with VOC mixtures reduced the atmospheric ozone concentration in the outflowing air by 24.6, 19.3 and 12.9%, respectively (Pinto et al. 2007b ). This observation suggests that plants can reduce oxidant concentrations at certain distances from the leaf boundary layer and in the plant headspace by emitting VOCs. Earlier it has been shown that VOCs can quench the internal reaction products of ozone inside leaves , Velikova et al. 2005 . Therefore, atmospheric ozone quenching by emitted VOCs has the potential to reduce the ozone concentrations before it is taken up by the plant through the stomata.
Plants use herbivore-induced compounds as volatile signals to transfer information of potential threat and prime defences in neighbouring trees, a phenomenon earlier known as 'talking trees resistance' (Heil and Karban 2010) . The important role of herbivore-induced VOCs in this signalling has been shown, and recently one explanation for the relatively short signalling distance detected in natural field conditions has been shown to be the quenching of the reactive signalling VOCs by atmospheric oxidants (Blande et al. 2010a) . When grown in low ambient ozone concentrations, intact healthy lima bean plants responded to volatiles released from spider-mite-infested plants by increasing extra-floral nectar production; this signalling was effective over distances of 20 and 70 cm from infested plants. When the ozone level was elevated to 80 ppb, plants at 20 cm still responded, but at a 70 cm distance the effect was lost due to degradation of the signalling VOCs (Blande et al. 2010a) . McFrederick et al. (2008) calculated that the monoterpenes linalool, β-myrcene and β-ocimene in flower scent have had their signalling distance to pollinators reduced from kilometres during pre-industrial Table 2 . Calculated atmospheric lifetimes of some common plant biogenic volatile organic compounds at an average ambient O 3 concentration of 30 ppb (Atkinson and Arey 2003) or at O 3 concentration of 25 ppb and OH radical concentration of 0.1 ppt . BVOC classes: I = isoprenoid, MT = monoterpene, SQT = sesquiterpene, HT = homoterpene, GLV = C6 green leaf volatile. Emission type: CE = constitutively emitted, IE = induced emissions after stress. times to <200 m in the more ozone-polluted environments of present times. In methyl jasmonate-based signalling to neighbouring plants (Shulaev et al. 1997 ), the signal is not lost as this compound is not degraded by ozone (Pinto et al. 2007a ).
Reactions of plant VOCs with atmospheric oxidants have been shown to lead to SOA formation. The formation of nanoscale SOA particles of direct plant VOC emissions has recently been demonstrated in laboratory conditions (O'Dowd et al. 2002 , Joutsensaari et al. 2005 , Hao et al. 2009 , Mentel et al. 2009a , Virtanen et al. 2010 . Evidence of the role of isoprene (Claeys et al. 2004) , monoterpenes (Tunved et al. 2006 , Virtanen et al. 2010 ) and sesquiterpenes (Boy et al. 2008) in SOA formation over forested areas has been found. In addition to oxidation by ozone, under the experimental conditions OH radicals are essential for inducing new particle formation from tree emissions. Furthermore, a large fraction of OVOCs in birch emissions compared with pine emissions suggested that OVOCs may play an important role in new particle formation (Mentel et al. 2009a (Mentel et al. , 2009b . A recent report suggests that high isoprene emissions may even inhibit SOA particle formation (KiendlerScharr et al. 2009a ), but oxidation products of damage-associated GLVs have been found to be an important component of the SOA formation process (Hamilton et al. 2009 ). Herbivore-inducible methyl salicylate can also participate in SOA formation, even without oxidation with ozone .
Ecosystem engineering with VOC reaction products
Aerosols modify the Earth's radiative balance in the opposite direction to greenhouse gases. Most of the aerosol particles directly scatter radiation, but shoot particles released from combustion (e.g., in forest fires) absorb solar radiation and promote climate warming (Ramanathan et al. 2007 ). Indirectly, aerosols have a cooling effect by the formation of CCN, which increase the number and longevity of cloud droplets and hence enhance cloud albedo (Spracklen et al. 2008, Penuelas and . On the other hand, depletion of OH radicals by VOCs during SOA formation may indirectly increase the concentrations of the important greenhouse gas methane due to the reduced atmospheric oxidation capacity of this gas by OH radicals . However, on the basis of observations in a tropical forest atmosphere the role of OH depletion by VOCs could be less important than hitherto assumed (Lelieveld et al. 2008) . Using a global atmospheric aerosol model, Spracklen et al. (2008) showed that through emission of VOCs boreal forests can induce SOA particle formation and stimulate the growth of newly formed particles, leading to a doubled regional formation rate of CCN. Adding forest VOC emissions in the regional aerosol models thus results in increased cloud formation and cloud albedo and an overall cooling impact on climate. If abiotic and biotic stresses increase the emissions of reactive VOCs from boreal forests, could the formation of clouds be further stimulated regionally? The margin areas of extensive insect outbreaks (e.g., Kurz et al. 2008 ) could possibly provide a natural laboratory to study biogenic aerosol formation of large areas of stressed trees.
The idea that forest trees may have the capacity to compensate for the cost of stress by improving their growth environment in ecosystem-scale engineering is not totally unjustified. Trees are known to be autogenic ecosystem engineers, which modify the environment by modifying themselves during their growth and creating habitats for other organisms in the same ecosystem (Jones et al. 1994) . Later, ecosystem engineering was defined by Hastings et al. (2007) and Jones et al. (2010) as physical structural changes that are reflected in changes in abiotic conditions leading to biotic change. With this analogy, forest trees, with increased production of reactive BVOCs under exposure to abiotic and biotic stresses, could do rapid ecosystem engineering. It has been shown that the increase of particulate matter in the atmosphere will result in increased scatter of light in the PAR range and as a result diffused light will penetrate at a better rate inside the tree canopies, reduce shade and enhance the rate of photosynthesis in foliage (Roderick et al. 2001) . Analyses of the global carbon sink have indicated that volcanic eruptions (Mercado et al. 2009 ) are followed by increased photosynthesis rate and productivity of vegetation as a result of 'global dimming'. Stress-generated increases in the amount and reactivity of the VOCs emitted by forest trees favour biogenic SOA formation (Hao et al. 2009 ). The biogenic SOA particles detected over forest areas (Tunved et al. 2006) consist of amorphous solid nanoscale particles (Virtanen et al. 2010) , which have the capacity to affect radiative balance and light conditions within and above the canopy (Roderick et al. 2001 ) and hence improve light use efficiency of trees in stressed forest stands. Furthermore, the blue haze (Figure 2) formed from SOA over forested areas is documented to reduce solar UV irradiance by up to 50% due to UV absorption by aerosols (Wenny et al. 2001) .
In general, herbivory reduces the photosynthetic leaf area by removal of leaf material, but also reduces photosynthesis in the remaining parts of damaged leaves substantially (Zangerl et al. 2002) . At the end of insect feeding periods, photosynthesis in damaged foliage of holm oak (Q. ilex) saplings was reduced by 30% (Staudt and Lhoutellier 2007) , and 7 days after leaf beetle damage in mature Populus × euroamericana leaves it was decreased by ca. 70% (Brilli et al. 2009 ). Photosynthesis in intact leaves of mountain birch (B. pubescens ssp. czerepanovii) was reduced by >50% in autumnal moth-damaged ramettes compared with intact healthy ramettes at the end of a larval feeding period (Mäntylä et al. 2008) . If the release of herbivore-induced Can forest trees compensate for stressgenerated growth losses? 1369
VOCs from trees into the forest atmosphere results in increased aerosol formation, the improved light diffusion may enhance the photosynthesis rate. This could be one potential feedback loop highlighting how trees might partly be able to compensate for the herbivore-induced decrease in photosynthesis. Aspens (Populus spp.) can be particularly suitable for forest stand-scale testing of this hypothesis, because natural clones of aspen can become very large, consisting of thousands of trees of the same genotype (De Woody et al. 2009 ).
Herbivory at outbreak levels frequently leads to the death of forest trees, which means that a tree becomes an atmospheric source of CO 2 emission instead of a CO 2 sink (Kurz et al. 2008) . Volatile organic compound emission balance does not change so rapidly after tree death, especially in terpenestoring conifers, which can affect atmospheric VOC concentration after their death. The needle litter and the xylem of dead conifer trees can be a massive source of reactive monoterpene emissions. Monoterpenes from the drying xylem of P. sylvestris represent nearly 80% (the rest being mostly aldehydes) of total VOC emission (Manninen et al. 2002) . The total VOC emission rate of P. sylvestris xylem can be nearly 1700 µg m −2 h −1 (Hyttinen et al. 2010) . Aldehydes (e.g., pentanal and hexanal) and carboxylic acids (e.g., acetic acid) dominate in the xylem VOC emissions of air-dried P. tremula. The total VOC emission rate from dry P. tremula xylem surface ranges between 137 and 550 µg m −2 h −1 (Hyttinen et al. 2010) . These xylem surface emission rates are comparable to total foliar terpene, GLV and phenylpropanoid emission rates (ca. 100 µg m −2 h −1 ) of P. tremula foliage (Ibrahim et al. 2010b) . When grown at higher light levels, foliar isoprene emission rates of P. tremula saplings could be significantly higher (Copolovici and Niinemets 2010) . With these emission rates, dead trees as well as stumps and root systems of cut trees may have the potential to influence local atmospheric chemistry. In a felled Scots pine stand, monoterpene emissions increased 2-3-fold at canopy level when compared with an intact stand and stayed at that level at least 7 weeks after felling (Räisänen et al. 2008b ). It should be investigated whether VOC emissions of a dead forest tree or a dead forest stand have trans-generational effects, e.g., affect light conditions during seed germination and seedling establishment.
Conclusions and future prospects
With inverse analyses by blocking the synthesis of some key VOCs, it has been shown that plants suffer from abiotic stresses, if, e.g., isoprene is not synthesized normally (Loreto and Velikova (2001) . The next step for assessment of stressrelated effects of a specific VOC is genetic silencing (Behnke et al. 2009 ) or upregulation of genes responsible for the biosynthesis of specific VOCs not normally produced by this plant species. The first results using these methods to assess, e.g., the role of isoprene in thermotolerance, insect resistance and indirect herbivore defence have been very promising (Laothawornkitkul et al. 2008 , Loivamäki et al. 2008 ). Plants with silenced or upregulated monoterpene and sesquiterpene synthesis will help us to better understand how induced emissions develop and how efficient they could be at improving indirect defence and trophic cascades.
Atmospheric feedback processes based on biogenic SOA formation from reaction products of plant VOCs need much more attention. Particularly the effects of herbivore-induced emissions of forest trees on SOA formation and their potential effect on radiation balance and light quality need better assessment. The expected effects of global warming can increase the frequency of forest pest outbreaks, and warmer temperatures could substantially increase the VOC emission rates of affected trees. However, there is a negative feedback loop, i.e., the cooling effect of VOCs through enhanced cloud albedo by SOA, which would reduce the forest pest outbreaks, while reduced emissions of VOCs with cooling would counteract this effect and thus reduce the protective role of VOCs against pests and pathogens. The natural outbreak areas of forest pests should be investigated in collaborations between plant and forest scientists, entomologists, atmospheric scientists and modellers to better assess the potential of forest stands to compensate for herbivory-generated growth losses by induced production of volatile compounds in individual trees and forest stand levels.
It is obvious that at the moment we know only a small proportion of the potential functions of plant VOCs. It is therefore impossible to give a plain and unequivocal answer to the question in the title of this review. Some examples of the potential of VOCs to mitigate the stress impacts on plants are given in Table 3 . Under extreme conditions (e.g., during high temperature peaks), the plant capacity to produce stressmitigating volatiles could be crucial for survival (Sasaki et al. 2007 ). In some other cases better stress resistance in plants Can forest trees compensate for stressgenerated growth losses? 1371 Table 3 . Examples of studies where the measured factor related to mitigation of abiotic and biotic plant stress was attributed to plant volatiles. References: (1) Sasaki et al. (2007) , (2) Way et al. (2011) , (3) Loreto et al. (1998) , (4) with inhibited VOC synthesis has been found, when products of other pathways could act as antioxidants (Behnke et al. 2009 ). If all the potential VOC-mediated processes compensate for reduced photosynthesis and reduced growth of an individual tree at the maximal rates reported, the answer could be that the combination of abiotic and biotic stresses could even stimulate tree growth by direct and indirect effects mediated by induced VOC production. This is probably not the case, but future tree growth and terrestrial ecosystem models related to climate change effects (e.g., Arneth and Niinemets 2010) should integrate the relationship between atmospheric VOC emission rates and biotic and abiotic stresses of forest trees.
